Experiments were conducted on the immobilization of eight heavy metals (HMs) (Zn, Cu, Mn, Fe, Ni, Pb, Cd, and Cr) during 20-day rotary drum composting of water hyacinth. The Tessier sequential extraction procedure was used to investigate the fractionation of HMs. The eco-toxicity risk of HMs was assessed by risk assessment code (RAC). In the results, the bioavailability factor (BAF) for different HMs presented in the following order: Mn > Zn = Fe > Cu > Cr > Cd = Pb > Ni. The total concentration of Pb was higher than that of Zn, Cu, Mn, Cd and Cr; however, its BAF was the lowest among these HMs. These results confirmed that the eco-toxicity of HMs depends on bioavailable fractions rather than on the total concentration. The greatest reduction in bioavailability and eco-toxicity risk of HMs occurred in lime 1% and 2% as compared to control and lime 3%. The eco-toxicity risk of Fe, Ni, Pb, Cd and Cr was reduced from low risk to zero risk by rotary drum composting. These studies demonstrated the high efficiency of the rotary drum for degrading compost materials and for reducing the bioavailability and eco-toxicity risk of HMs during the composting process. This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/3.0/) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.
Introduction
Rotary drum composting is a well-organized, decentralized and encouraging technique for converting bio waste into compost due to proper agitation, aeration and mixing of the compost materials. In addition, consistent and homogeneous compost materials are generated during the process [1] . Certain conditions developed inside the reactor such as warm and moist environment with abundant amounts of oxygen and organic material available in the composting mixture facilitate the strong growth of aerobic microbes that decompose waste more rapidly. Therefore, rotary drum has proven successful for reducing composting time, producing high quality compost and reducing the bioavailability of heavy metals (HMs), as compared to the agitated pile composting.
Water hyacinth (Eichhornia crassipes) has been used widely for treating heavily polluted wastewaters due to its capacity for HM accumulation, but the economic disposal of water hyacinths used after wastewater treatment remains a problem [2] . Composting in rotary drums is a highly promising technique for converting biomass into well stabilized organic matter [1] . A high HM content in the final compost and vermicompost of water hyacinth is the major limitation in improving soil quality, and hence plant and human health [3, 4] . The application of such compost to agricultural fields is problematic due to the ease of transfer of HMs from compost to soil, to plant and then to humans. The bioavailability of HMs to plants depends on their different fractions or ways of binding, rather than on their total concentrations [5] .
Lime is a common amendment material for enhancing the composting process and reducing the bioavailability of HMs to plants [6] . In India, about 0.75 million tonnes of lime sludge are generated per year during acetylene production [7] . The present study investigated the combined effects of waste lime in rotary drum composting in the immobilization of HMs.
Very limited research is available on speciation of HMs during water hyacinth composting in agitated pile [8] , rotary drum [3] and agitated pile with waste lime [9] . Furthermore, no information is available on the fractionation and reduction of eco-toxicity risk of HMs in the rotary drum composting of water hyacinths with waste lime. Therefore, the study objectives were to reduce the bioavailability and eco-toxicity risk of eight HMs (Zn, Cu, Mn, Fe, Ni, Pb, Cd and Cr) in the rotary drum composting of water hyacinth with lime application, and to determine the mechanism for the immobilization of HMs.
Materials and Methods

Feedstock Materials
Water hyacinths were collected from the Amingoan industrial area near the Indian Institute of Technology Guwahati (IITG), India. Cattle manure was obtained from a dairy farm, and sawdust was collected from a saw mill near the IITG campus. Waste lime was collected from Assam Air Products, Guwahati, India. The collected lime dried in an oven at 105 o C for 24 h, ground using an electrical grinder and sieved through 0.22 mm sieves. The initial characteristics of waste lime have already been reported elsewhere [9] . Before starting the composting process, the particle size of the compost material was restricted to 1 cm, which is useful for good aeration and moisture control. 
Experimental and Analysis
A pilot-scale rotary drum composter with a capacity of 550 L was designed and operated in the batch-mode [4] . A digital thermometer was used for temperature monitoring throughout the composting process. Each sample was analyzed for the following parameters: pH (1:10 w/v waste: water extract), moisture content and total organic carbon (TOC) [1] . The moisture content and TOC of the compost samples were calculated according to Eqs. TOC of compost sample was determined according to Kalamdhad et al. [1] given in Eq. (2) as follows:
Volatile solid was determined by loss ignition method [1] . The HM concentration was determined using the following Eq. (3):
Weight of solid sample (g)
Fractionation procedure of HMs
Sequential extraction was carried out according to the procedure given by Tessier et al. [10] to yield five fractions: exchangeable (EXCH), carbonate (CARB), reducible (RED), organic bound fraction (OMB), and residual (RESI). The sequential extraction was carried in polypropylene centrifuge tubes of 50 mL capacity. After each successive extraction and centrifugation at 10,000 rpm for 5 min, the supernatant liquid was removed with a pipette and made up to the volumes required for the HM analyses. The residue obtained after each consecutive extraction was washed with 20 mL of Milli Q water by shaking for 15 minutes followed by centrifugation without loss of solids. The extraction solutions were stored in polyethylene bottles for HM analysis. All extractions were performed in triplicate and the mean values were presented with their standard deviations. FAAS was used for analysis of different HM fractions. The sequential extraction has already been reported in detail [8] .
The bioavailability factor (BAF) for HMs was calculated according to Tessier et al. [10] and Singh and Kalamdhad [11] as follows:
All the extractions/experiments were carried out in triplicate of all collected samples in different days. Metal determinations for both the total metal and that extracted by sequential procedure were analyzed by FAAS. A 1,000 mg/L concentration of standard solution was purchased from Merck Ltd, India. All desired concentrations of standards were prepared in the laboratory to minimize the sources of error. Blanks were run simultaneously for all the metal determinations.
Recovery Rate Analysis
The recovery of HM during the sequential extraction procedure was investigated by comparing the sum of each fraction's concentration with the total HM concentrations. The sequential extraction procedure results were checked by comparing the sum of the five fractions (EXCH, CARB, RED, OMB and RESI) with the total HM concentrations (mg/kg) according to the following equation:
Recovery (%) = EXCH + CARB + RED + OMB + RESI Total concentration of HM × 100 (5)
Risk assessment code (RAC)
A risk assessment code (RAC) was also applied to estimate the environmental risk associated with HM pollution in water hyacinth compost. This method has been used widely by several researchers for assessing HM pollution in sediments/soils [12] . RAC measures the bioavailability of metals by applying a scale to the percentage of metals present in the sum of EXCH and CARB fractions, because these fractions are weakly bonded, easily affected by ionic strength, and vulnerable to pH changes in soil environment [13] . The high mobility of EXCH and CARB fractions could equilibrate with the aqueous phase and consequently become more rapidly bioavailable [12] . Table 1classifies the risk categorized in terms of RAC. RAC was calculated as follows:
The present study results were given as the mean values ± standard deviations. Analysis of variance (ANOVA) was performed using the SPSS software (M/S. SPSS South Asia (P)
Ltd. Bangalore, India). 3. Results and discussion
Physico-chemical Analysis
The moisture content, temperature, organic carbon and pH are the most important parameters for the immobilization of HMs in composting process. The details of physicochemical parameters are given elsewhere [9] . As shown in Fig. 2(a) , the temperature rose sharply within 5 h of feeding the composting mixture into the reactor and the thermophilic temperature was measured in the range of 56-60 o C during the composting process. The longest thermophilic stage occurred in the lime treatments, as compared to the control. The temperature was increased after each turning due to the decomposition of partially or semi decomposed materials which had been transferred from anaerobic to aerobic conditions [14] .
The addition of the optimum percentage of lime was favorable for composting process, whereas excess lime (3%) degraded the composting process might be due to the reduced metabolic activity of microbes at high pH [15] . Fig. 2(b) shows that the moisture content of the composting mixture was significantly (p < 0.001) decreased by 24-27 % during the composting process. The greatest reduction of moisture content was found in control and lime treatment 1, followed by lime treatments 2 and 3. This was attributed to the action of lime in increasing the moisture holding capacity of the composting materials during the composting process [16] .
As shown in Fig. 2 (c), the pH was increased for all three lime treatments at the initial stage of the composting process, but was reduced from alkaline to neutral at the mature composting stage. Alkaline lime could neutralize the organic acids released during the composting process [16] . The pH was significantly increased (p < 0.001) from 6.6 to 7.4, from 7.5 to 7.4, from 8.5 to 7.6, and from 10.4 to 7.7 in the control, and lime treatments 1, 2, and 3, respectively. The TOC was reduced significantly (p < 0.001) from 36 to 24 %, 34 to 19 %, 35 to 19 %, and 30 to 22 % in control, and lime treatments 1, 2, and 3, respectively ( Fig. 2(d) ). The maximum TOC reduction occurred in lime treatment 2 (46.1 %), followed by lime treatment 1 (44.6 %), control (32.6 %), and lime treatment 3 (28.1 %) treatments. The decrease in TOC during the composting process is consistent with the decomposition of the organic matter through microbe respiration in the form of CO 2 , mineralization of decomposed organic matter, and assimilation of the readily available carbon by microbes [17] .
The total HM contents (Zn, Cu, Mn, Fe, Ni, Pb, Cd and Cr) in the composting of water hyacinth are presented in Tables 3, 4 , 5 and 6, along with their different fractions. These HMs were concentrated in the composting process due to weight loss in the course of aerobic degradation of organic matter during the process [18] . The increment of total HM concentration in the compost is likely to increase the environmental HM risk. However, as discussed in the material and methods section, the bioavailability and eco-toxicity of HMs in the compost depend mainly on their specific chemical forms [3] . 
Fractionation of HMs
The EXCH fraction metals are most readily available to living organisms. Metals bound with CARB fraction are very sensitive to pH changes and can be leached out at lower pH. These metal fractions are considered the most bioavailable fractions. The RED and OMB fractions of metals are not considered mobile or bioavailable to living organisms. The RED fraction consists of iron and manganese oxides that are thermodynamically unstable at anoxic conditions. The OMB metal fraction is bound with humic substances, which can release under oxidizing conditions. The RESI metal fraction is retained within the crystal lattices of minerals and inside crystallized oxides. This fraction is usually not expected to be released in the short term at normal natural conditions [5, 7] . The rotary drum composting of water hyacinth with waste lime exhibited significant (p < 0.001) changes in the different HM fractions (EXCH, CARB, RED, OMB and RESI), as shown in Table 2 . 0.000 0.000 0.000 0.000 0.000 F = likelihood ratio, P = probability.
Zinc (Zn)
The fractionation of Zn in control, and lime treatments 1, 2 and 3 is presented in Tables 2, 3, 4, and 5, respectively. Most mobile fractions (EXCH and CARB) of Zn were reduced in control and all three the lime treatments. The greatest reduction of EXCH and CARB fractions was about 81% and 89%, respectively, in the final compost of lime treatment 1 ( Table 3 ). The significant reduction (p < 0.001) of EXCH and CARB fractions was attributed to conversion of these fractions into RED and RESI fractions during the composting process.
As compared to control, the RESI fraction of Zn was increased to the greatest extent in all three lime treatments and became dominant. The RED fraction of Zn increased in all three treatments as compared to control. These results confirm that waste lime was highly efficient for reducing the bioavailable fractions of Zn due to conversion of these fractions in to inert fraction (RESI). Zhu et al. [19] reported that Zn was mainly found in RED and OMB fractions in sewage sludge and humus soil. However, in the present study, it was mainly found as the RESI fraction. The reduction of EXCH, CARB and OMB fractions in the compost of control and all three lime treatments was attributed to the complexation of Zn with humic substances [20] . The most mobile fractions of Zn were transformed into less mobile fractions (RED and OMB) and inert fraction (RESI fraction), along with stabilization of organic matter during the composting process [20] .
Copper (Cu)
The EXCH, CARB, RED and OMB fractions of Cu were reduced to the ranges of 63.2-81.3%, 21.8-61.5%, 5.0-82.4% and 16.2-40.0%, respectively, in the final compost of control and all three lime treatments. The greatest reduction of EXCH, CARB and RED fractions occurred in lime treatment 2 ( Table 5 ). The smallest reduction of all mobile fractions occurred in lime treatment 3. One or more organic functional groups, mainly carboxylic, carbonyl, and phenolic groups, was present in the final compost, which allowed these groups to bind the EXCH and CARB fractions of Cu [19] . Cu occurred mainly in the RESI fraction in the compost of control and all three lime treatments. This suggested that the addition of lime effectively hindered the bioavailability of Cu during rotary drum composting. Wong and Selvam [15] reported the following order of Cu fractions in control and lime amended sewage sludge compost: OMB > RESI > RED > EXCH > CARB. In the present study, the order of Cu fractions in control was RESI > OMB > RED > CARB > EXCH, and in lime amended compost was RESI > OMB > EXCH > CARB > RED. The distribution of Cu in control, and lime treatments 1, 2, and 3 are presented in Tables 3, 4 , 5, and 6, respectively. The EXCH fraction of Mn was reduced in control and all three lime treatments. However, lime treatment 2 exhibited the greatest reduction of about 66%. Tables 3, 4 Tables 3, 4 , 5, and 6, respectively. 
Nickel (Ni)
The EXCH and CARB fractions of Ni were reduced significantly (p < 0.001) in the range of 48-96.4% and 53.1-80.1%, respectively, in control and all three lime treatments. The greatest reduction of EXCH and CARB fractions occurred in lime treatment 1, followed by lime treatment 2, control and lime treatment 3. The RESI fraction of Ni was increased significantly (p < 0.001) in control and all three lime treatments. The study of Wong and Selvam [15] concluded that the order of Ni fractions in control and lime amended sewage sludge compost was: RESI > RED > OMB > CARB > EXCH. However, in the present study, this order was RESI >EXCH > CARB in control and RESI > CARB > EXCH in all three lime-treated composts. The order of different fractions of Ni confirmed that the EXCH fraction was converted into RESI fractions due to lime addition. According to Zhu et al. [19] , Ni was mainly found in RED and OMB fractions in sewage sludge and humus soil. However, in the present study, Ni mainly occurred in the RESI fraction in control and all three lime treatments. Su and Wong [22] reported that the RESI fraction of Ni contributed 52% of the total Ni content, followed by the RED fraction in sewage sludge. However, in the present study, the RESI fraction contributed about 95.6-99.7% of the total fraction. The RED and OMB fractions of Ni were not detected at any stage of the composting process. Changes in fractionations of Ni in control, and lime treatments 1, 2, and 3 are given in Tables 3, 4 , 5 and 6, respectively.
Lead (Pb)
Similar to Ni, the EXCH and CARB fractions of Pb were reduced in the range of 74.2-85.0% and 52.7-78.5%, respectively, in control and lime treatments 1, 2, and 3 (Table 3 , 4, 5 and 6).
The reductions of these fractions were greater in the lime treatments than in control. The RESI fraction of Pb was increased and was the dominant fraction in the range of 95. 7-99.4% in the final compost of control and all three lime treatments. The RED and OMB fractions of Pb were not detected at any stage of the composting process. Zhu et al. [19] also reported that the RESI fraction of Pb was dominant in sewage sludge and humus soil. The order of different fractions was RESI > CARB > EXCH in control and lime-treated compost. Wong and Selvam [15] reported that the EXCH and CARB fractions of Pb remained in the same order during the sewage sludge composting with lime. However, in the present study, these fractions were significantly reduced (p < 0.001) during the composting process. Qiao and Ho [23] also reported that the bioavailability of Pb decreased during sewage composting. 
Cadmium (Cd)
The fractionation of Cd in control, and lime treatments 1, 2, and 3 is presented in Tables 3, 4, 5, and 6, respectively. The reduction of EXCH and CARB fractions was in the range of 35.0-87.6% and 38.3-70.6% in control, and lime treatments 1, 2 and 3. The greatest reductions of these fractions (EXCH and CARB) occurred in lime treatment1. This was attributed to the large degradation of organic matter in the rotary drum and its conversion into humic substances that formed chemical bonding with bioavailable fractions of Cd [24] . The RESI fraction of Cd was in the range of 95.5-99.3% in the control and all three lime treatments. Liu et al. [18] reported the following order of different fractions of Cd in sewage sludge composting RED > CARB > OMB > EXCH > RESI. However, in the present study, this order was RESI > CARB > EXCH. The RED and OMB fractions of Cd were not detected at any stage of the composting process.
Chromium (Cr)
The EXCH, CARB, RED and OMB fractions of Cr were reduced significantly (p < 0.001) in the control and all three lime treatments (Tables 3, 4, 5 and 6). The highest reduction of EXCH and CARB fractions was detected at about 84.0 and 65.0%, respectively, in lime treatment 1. Interestingly, the RED and OMB fractions of Cr were reduced more in control than in lime treatments 1 and 2. However, in lime treatments 1 and 2, EXCH and CARB fractions were reduced more than in control, which are the most bioavailable fractions. The dominant fraction of Cr was the RESI fraction, which was increased in control and all three lime treatments. Liu et al. [18] 
Mechanism for Immobilization of HMs during Rotary Drum Composting with Waste Lime
Generally two mechanisms are accountable for the immobilization of HMs in rotary drum composting with lime addition: (a) the rotary drum is a semi-closed system and highly efficient for composting due to proper agitation, holding optimum moisture, suitable aeration and mixing of the composting materials. Under the above favorable conditions, aerobic microbes flourish well and decompose into organic waste more rapidly, and are thus converted into stable humic like substance (HS) [26] . The formation of humic substances during the composting process is given below according to Zhu et al. [19] .
The toxic metals bounded to organic matters and sulfides can be easily released under oxidizing conditions [27] . The general reactions are given in Eqs. 7 and 8 as follows:
where MS is metals bounded to organic matters and sulfide, M represent as individual metals and S represented as sulfides.
In the composting process, microorganisms played a strong role in the degradation of organic matter and it into humic substances. Humic substances are naturally occurring complexing agents, so that binding of metal ions by humic substances is one of the most important environmental qualities of humic substances [4] . They have a large pH-dependent charge and little permanent negative charge. They contain complex compositions with many active functional groups such as carboxyl and phenolic groups which become dissociated at high pH due to a decrease in intra and inter molecular hydrogen bonds and an increase in repulsive forces between the dissociated functional groups [28] . The OH-groups are responsible for the high sorption capacity of available fractions of metal ions. HMs form complexes with humic substances at the final stage of the composting process [26] . The binding of HMs with humic substances possibly occurs as chelation between a carboxyl group and a phenolic hydroxyl group, as chelation between two carboxyl groups, or as complexation with a carboxyl groups, as shown in Eq. 9.
Organic matter + O 2 humic substances + CO 2 + microbial biomass
Microbes (b) Lime is an supplement that enhances the composting process by buffering against the decrease in pH, providing better moisture holding capacity of materials, providing an appropriate amount of Ca to the composting microorganisms, and neutralizing the organic acids released during the composting process [16] . Therefore, lime amendment was very efficient in reducing the bioavailable fractions of HMs by forming less soluble carbonate salts during the rotary drum composting of water hyacinth mixed with waste lime [29] . Calcium hydroxide breaks into calcium ions and hydroxide ions in the presence of water and this is expressed in Eq. (10) [30] . Hydroxide ion combined with metal ion (M 2+ ) forms metal hydroxides, as stated in Eq. (11) . These metal hydroxides might be adsorbed on charged colloids such as degraded organic matter, consequently reducing the HM bioavailability [31] .
Recovery Rate of HMs
The sum of the five fractions (EXCH, CARB, RED, OMB and RESI) was in good agreement with the total HM concentration with acceptable recoveries (90.7-99.7%). This clearly shows that the sequential extraction method used in detecting the speciation of HMs in the compost of water hyacinth was exact and reliable. As shown in Tables 3, 4 , 5 and 6, the error for recovery of HMs was less than 10 % in all three treatments.
Risk Assessment Code (RAC)
Based on the results of Fig. 4 
Comparative Studies on HM Speciation
Very limited information is available in the literature on the speciation of HMs during water hyacinth composting in agitated pile [8] , rotary drum [3] and agitated pile with waste lime addition [9] . The few available studies reported no significant BAF reduction. However, in the present study, BAF was reduced greatly for almost all HMs ( Table 7) . The higher reduction of BAF was attributed to the reduction of bioavailable fractions of HMs by conversion into inert fraction (RESI fraction) in the rotary drum composting of water hyacinth mixed with waste lime. Nomeda et al. [32] concluded that the bioavailability of Cu, Cd, Mn, Pb and Zn increased after sewage sludge composting in pile, where the bioavailability of these metals was reduced greatly in the present study. 
Conclusions
The combined effects of waste lime and rotary drum on the immobilization of heavy metals (HMs) were highly efficient. The Bioavailability factor (BAF) of Zn, Mn, Ni, Pb and Cr was reduced significantly in lime treatments 1 and 2 compared to that in control and lime treatment 3. However, the BAF of Cu, Fe and Cd was reduced in all three lime treatments as compared to that in control. The total concentration of Ni was higher than that of Zn, Cu, Cd 
